Linear atomic chains containing a single Kondo atom, Co, and several nonmagnetic atoms, Cu, were assembled atom by atom on Cu(111) with the tip of a scanning tunneling microscope. The resulting one-dimensional wires, CumCoCun (0 ≤ m, n ≤ 5), exhibit a rich evolution of the single-Co Kondo effect with the variation of m and n, as inferred from changes in the line shape of the Abrikosov-Suhl-Kondo resonance. The most striking result is the quenching of the resonance in CuCoCu2 and Cu2CoCu2 clusters. State-of-the-art first-principles calculations were performed to unravel possible microscopic origins of the remarkable experimental observations. arXiv:1912.05292v1 [cond-mat.str-el] 
INTRODUCTION
The Kondo effect was originally observed as the resistivity increase below a characteristic temperature of some metals containing magnetic impurities. [1, 2] As intuited by J. Kondo in 1964, many-body correlations are at the origin of this phenomenon. [3, 4] Later, his ideas were extended beyond the perimeter of perturbation theory by P. W. Anderson [5, 6] and by K. Wilson [7] understanding and exploiting the role of scale invariance. The conduction electrons of the metal scatter off the local spin of a single quantum impurity and a low-energy collective excitation described by a quantum mechanical singlet wave function is formed. The bare magnetic moment is hence screened and, oversimplifying, one can picture this mechanism as multiple spin flips occurring due to the exchange interaction between the impurity spin and the conduction electrons.
The spectroscopic signature of this spin exchange is represented by the Kondo [3, 4] or Abrikosov-Suhl [8] [9] [10] resonance at the Fermi energy, E F . At zero temperature the resonance full width at half maximum is related to the Kondo temperature T K via k B T K (k B : Boltzmann constant). The presence of this resonance was confirmed in photoemission [11] [12] [13] [14] [15] [16] and inverse photoemission [17] experiments.
It is certainly no exaggeration to say that the detection of the Abrikosov-Suhl-Kondo (ASK) resonance at the single-impurity level with a scanning tunneling microscope (STM) [18, 19] represents a seminal finding in surface physics. In spectra of the differential conductance (dI/dV , I: current, V : bias voltage) the ASK resonance appears with a Fano [20, 21] or Frota [22, 23] line shape. The Fano line shape reflects that spin-conserving tunneling occurs directly from the tip to the conduc-tion electron continuum and indirectly via the Kondo resonance. The interference of tunneling electrons in these two paths leads to the characteristic spectroscopic line shape. [18, 19] Many-body numerical renormalization group calculations [24] justify the phenomenological Frota line shape, which was likewise reported from experiments. [25, 26] A wealth of reports followed the initial observations [18, 19] and revealed the rich physics of the single-atom [27] [28] [29] [30] [31] [32] and single-molecule [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] Kondo effect. Excellent review articles are available, e. g., Refs. 52-54. Importantly, variations of the ASK resonance line shape in spectroscopy experiments with an STM serve as a subtle probe for magnetic interaction, [45, [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] hybridization [32, [34] [35] [36] [65] [66] [67] [68] [69] and density of states (DOS) [66, [70] [71] [72] effects. In particular, a nonmonotonic evolution of T K of a single Co atom in a compact CoCu n cluster on Cu(111) [66] unraveled that the local electronic structure at the magnetic-impurity site is essential for its Kondo effect, rather than the sheer number of coordinations with nearest-neighbor atoms. Deviating from the previous compact cluster geometry [66] the evolution of the Kondo effect in linear Cu m CoCu n clusters is reported here. All atomic chains exhibit ASK resonances with 40 K ≤ T K ≤ 160 K with two surprising and no- Motivated by these appealing experimental results, density functional theory (DFT) and quantum monte carlo (QMC) calculations were applied in order to describe the Kondo physics of the linear clusters. While many properties of the clusters are captured by the calculations, the atomically fabricated Cu m CoCu n clusters define a test case for systematically benchmarking theory against experiment. As a starting point towards such a benchmarking, DFT and QMC calculations were combined in a "DFT++ manner" [73] to test to which extent experimental findings can or cannot be explained by this approach. Our work unveils the capabilities and open issues of state-of-the-art modeling techniques.
EXPERIMENT
Experiments were performed with an STM operated in ultrahigh vacuum (10 −9 Pa) and at 5 K. Cu(111) surfaces were cleaned by Ar + bombardment and annealing. Chemically etched W wires -presumably coated with Cu substrate material due to in situ preparation by indentations -served as STM tips. Single Co atoms were deposited at ≈ 8 K from an electron beam evaporator through openings of the radiation shields of the bath cryostat. Single Cu atoms were transferred from the tip to the surface by controlled tip-surface contacts. [74] [75] [76] [77] STM images were recorded at constant current with the bias voltage applied to the sample. Spectra of dI/dV were acquired by sinusoidally modulating the bias voltage (1 mV rms , 950 Hz) and measuring the first harmonic of the current response of the tunneling junction with a lock-in amplifier. Topographic data were processed using WSXM. [78] RESULTS AND DISCUSSION Scanning tunneling microscopy and spectrocopy Figure 1 shows representative STM images of the Cu m CoCu n clusters studied in this work. In the following these assemblies will be referred to as (m, n)-clusters. Single Co [ Fig. 1(a) ] and Cu atoms on Cu(111) appear as circular protrusions with larger apparent height for Co (≈ 70 pm) compared to Cu (≈ 50 pm) at V = 10 mV. The (m, n)-clusters were fabricated atom by atom. [79, 80] After assembling the linear Cu m cluster, one edge of the chain was decorated by a single Co atom. Additional n Cu atoms were then attached to this Co atom, continuing the direction of the chain. Attaching a single Cu atom to Co The one-dimensional wires were used to explore changes in the Co Kondo effect. Spectra of dI/dV are summarized in Fig. 2 , for (0, n)-clusters (0 ≤ n ≤ 5) in Fig. 2 (a) and for (m, n)-clusters (1 ≤ m, n ≤ 5) in Fig. 2(b) . All spectra were acquired atop the Co central region. The majority of spectra exhibits an indentation close to zero bias voltage, which is interpreted as the ASK resonance. Solid lines are fits to the data using the tude, q: asymmetry parameter, ε = β · (eV − ε 0 ) with 1/β = k B T K , e the elementary charge, ε 0 the resonance energy] and a parabolic background.
The single Co atom [bottom data set of Fig. 2 (a)] exhibits an ASK resonance with a width that corresponds to T K = 53 ± 2 K (see Table I for a collection of all extracted T K ), which is in agreement with previous reports. [28, 66] By adding one Cu atom [(0, 0) → (0, 1)] T K increases by nearly a factor 3 to T K = 153 ± 15 K. This increase of T K is in accordance with a previous work on compact CoCu n clusters. [66] The addition of a second Cu atom [(0, 1) → (0, 2)] gives rise to a considerable decrease of T K to 87 ± 5 K, which for (0, n)-clusters (n ≥ 2) then stays nearly constant. T K values of 90±4 K for (0, 3) and 94 ± 4 K for (0, 4) agree well with previous experimental observations and calculations for linear CoCu 3 and CoCu 4 clusters. [60] Clusters (m, n) with m, n ≥ 1 unveil unexpected behavior. The most remarkable observation is the entire quenching of the ASK resonance of Co in (1, 2), (2, 1), (2, 2)-clusters [second and third spectrum counted from the bottom in Fig. 2(b) ]. This behavior was reproduced for several clusters and tips. The suitability of the tip for spectroscopic measurements was intermediately controlled by reproducing the single-Co ASK resonance and the steplike onset of the Cu(111) Shockley surface state (not shown). In order to exclude the presence of exceptionally wide ASK resonances [30] which would appear rather flat on the small bias voltage range of Fig. 2 , the bias voltage range in dI/dV spectroscopy was extended to ±500 mV. An ASK resonance was not observed. Moreover, for the larger clusters a maximum of T K was reached in the symmetric case, i. e., for (3, 3)clusters with T K = 144 ± 13 K and for (4, 4)-clusters with T K = 119 ± 10 K. In both cases, the addition of a single Cu atom to one side of the linear chain leads to a significant drop of T K , T K = 41 ± 5 K for (3, 4)-clusters and T K = 87 ± 7 K for (4, 5)-clusters. (5, 5) -clusters do not adhere to this trend, which may indicate that these very long clusters behave like infinite Cu chains with an embedded Co atom. The asymmetry parameter q varied between 0.1 and 0.2 for all clusters without showing characteristic behavior with m and n.
Before turning to the calculations it is important to mention that changes in T K observed from the small linear clusters reported here deviate from the previously reported evolution of T K in compact CoCu n clusters. [66] Indeed, for compact CoCu n clusters T K was demonstrated to first increase with n up to n = 2 with a maximum value T K ≈ 326 K and then decrease down to T K ≈ 43 K for n = 4. In contrast, the short linear clusters discussed here reach a maximum of T K for (0, 1). Increasing the number of Cu atoms by one leads to a nearly halved T K for (1, 1). Obviously, the Co coordination number in compact CoCu 2 and linear CuCoCu clusters is identical. However, the different behavior of T K in the two cases evidences the impact of the actual cluster geometry on the Kondo effect.
For the calculations to be discussed next a relaxed cluster geometry is important. To obtain an indication for the matching between the fully relaxed geometries in theory and the experimental clusters the evolution of dI/dV spectra at elevated bias voltage is compared with the calculated DOS ( Fig. 3) . Figure 3 (a) shows the spectroscopic signature of an unoccupied resonance above the Co site in (m, n)-clusters with increasing (from bottom to top) cluster length. The resonance peak shifts to lower bias voltage with increasing m and n. Calculations of the local DOS at the Co site [ Fig. 3(b) ] reveals an unoccupied Co p z resonance whose onset likewise shifts to lower energy with increasing cluster size. Owing to the same trend and to similar onset energies [ Fig. 3 (c)] the peaks in dI/dV spectra are assigned to the spectroscopic signature of the calculated Co p z resonance. Thus, the experimental and calculated evolutions of spectra at elevated energy are consistent, as expected for relaxed geometries.
Model calculations

Density functional theory
Simulations of the Cu m CoCu n chains were performed on Cu(111) slabs with a lateral extent of 3 × 13 unit cells. For calculations of the geometrical structure 3 Cu layers were used, while for the hybridization simulations 5 Cu layers were included. The calculations are based on the Vienna ab initio simulation package (VASP) [81] with the projector augmented wave (PAW) basis sets [82, 83] and the generalized gradient approximation (GGA) to the exchange correlation potential. [84] Atomic structure and magnetic moment formation. We firstly investigated the atomic structure of the adsorbed linear (m, n)-clusters and its dependence on magnetic moment formation by comparing structural relaxations and total energies as resulting from non-spin- (2,1) The adsorption heights, Co magnetic moments and total energy differences between nonmagnetic and magnetic calculations are summarized in Table II . The general trend in all systems under consideration is that the formation of magnetic moments on the order of 2 µ B (µ B : Bohr magneton) is favorable by energies on the order of ≈ 0.5 eV and associated with an upward relaxation of the Co atoms on the order of 10 pm. A direct comparison of total energies without and with spin polarization as a function of adsorption height of the Co atoms in (m, n)-clusters is shown in Fig. 4(b) . We find that all clusters favor local magnetic moment formation around the Co sites regardless of structural relaxation details. Consequently, all (m, n)-clusters considered here are potential Kondo systems, including (1, 2), (2, 1), (2, 2)-clusters for which an ASK resonance is not discernible in the experiments [ Fig. 2(b) ].
Electronic structure in GGA and effective Anderson model. To investigate possible Kondo physics in the structures at hand, multi-orbital Anderson impurity models (AIM) were derived describing the (m, n)-clusters from the DFT-GGA calculations, where electronic correlations arise in the five Co d orbitals, i. e.,
(2) Here, the operators d α (d † α ) annihilate (create) electrons in Co d orbitals characterized by orbital and spin quantum numbers α, with corresponding on-site energies ε α , and local Coulomb interactions U α1,...,α4 . This impurity is embedded in a sea of conduction electron states originating from the surrounding Cu atoms and is described by annihilation (creation) operators c k (c † k ) and dispersions ε k , where k includes crystal momentum, band index and spin. The coupling between the impurity and the conduction electrons is provided by the hybridization V kα .
In the AIM only the impurity site is subject to an interaction term, while the bath of conduction electrons is assumed to be noninteracting. The bath degrees of freedom can thus be integrated out and the local electronic properties of the impurity can be described by H loc and the hybridization function
We calculated ∆ α1α2 (ω) from first-principles following Refs. 85 and 86 with effective broadening Γ = 0.31 eV. The orbital and spin diagonal elements of the hybridization function will enter the QMC simulations presented in the section below. For a first qualitative overview of the hybridization strength, which is one of the determining factors for the occurrence of the Kondo effect and associated to T K , we show the orbitally averaged hybridization functions ∆(ω) = 1 10 α ∆ αα (ω) for all systems under consideration in Fig. 5(a),(b) .
While the hybridization functions differ between the individual chain realizations in several details, a few overarching statements can be made. First and foremost, the magnitude of the hybridization function and also the overall shape is similar in all cases and in line with the hybridization function found for Co atoms on Cu(111) from Ref. 87 . On a very rough qualitative level we would thus expect similar T K across the whole range of (m, n)clusters.
Regarding variations between the different chain structures, we find an increase in hybridization with coordination number of the Co atoms, as one expects. A scaling analysis [88, 89] suggests that T K depends on hybridization ∆ = ∆(E F ) and local interaction U according to
where γ is a factor depending on orbital degeneracies. Therefore, increasing | ∆(E F + i0 + )| should result in (strongly) increasing T K . Figure 5 (c) shows the measured T K in relation to the calculated average hybridization function | ∆(E F + i0 + )|. There is no clear correlation between | ∆(E F + i0 + )| and T K . On the contrary, the (2, 2)-cluster, which displays no signature of the Kondo effect in the experiments has the largest | ∆(E F + i0 + )| among all systems of this study. We thus conclude that mechanisms beyond this simple orbitally independent model should be at work in determining the Kondo physics at least in these two special cases. In order to account for the complex interplay of charge, orbital, and spin fluctuations we now turn to QMC simulations of the full AIM with ab initio derived hybridization functions.
Quantum Monte Carlo Simulations
Using the implementation of continuous-time QMC in hybridization expansion (CT-HYB) [90, 91] contained in the package w2dynamics, [92] we solve the AIM given in Eqs. (1),(2) numerically exactly. The energy levels of the bath, its hybridization with the impurity, encoded in the hybridization function of Eq. (3), and the energy differences between the local levels are taken from the DFT-GGA calculations presented in the previous section. We neglect the off-diagonal elements of the hybridization as they are of small magnitude. The fully spherically symmetric local Coulomb interaction tensor U α1,...,α4 was generated from interaction parameters determined using the constrained random phase approximation. [93, 94] The chemical potential was chosen to reach an occupation of 8 electrons in the Co d shell.
We use various indicators for the occurrence of the Kondo effect. One is the behavior of the imaginary part of the self-energy at low frequencies (the so called "first Matsubara rule"). [95] This, together with the calculated quasiparticle weights and scattering rates, does not seem to allow a clear distinction of the chains exhibiting the Kondo effect experimentally from the others.
Another way of judging the propensity of exhibiting the Kondo effect is the direct inspection of the spectral function, A(ω) = − 1 π G R (ω). Owing to the CT-HYB algorithm, A(ω) includes all local electronic correlation effects beyond DFT. The full Green's function on the imaginary (discrete) Matsubara frequency axis obtained from CT-HYB was transformed to the retarded Green's function G R (ω) on the real (continuous) frequency axis using the maximum-entropy method. [96] [97] [98] According to Fig. 6 , even considering many-body effects, chains that in the experiment have qualitatively different Kondo effects, behave quite similarly in theory. In particular, the (0, 2), (1, 2), (2, 2)-clusters display a very similar orbital structure of the Kondo peaks, in spite of the fact that experimentally the first one is the only Kondo-active chain.
To obtain a quantitative estimate of the Kondo temperature we use the definition [87, 99, 100]
The quasiparticle weight Z was calculated from the imaginary part of Σ(iω j ), the Matsubara self-energy, as Z = 1 − ∂ ωj Σ(iω j ) −1 in the limit of vanishing iω j (j:
index of discrete frequency). In this way, T K may be calculated for each Co d orbital in the (m, n)-clusters for which QMC simulations were performed. Figure  7 demonstrates that except for the cases in which no ASK resonance was observed experimentally, the calculated orbital-averaged T K [Eq. (5)] never deviates from experimental values by more than a factor 2. Below we show that the orbital-dependent T K,α reacts sensitively to changes of some model parameters, which may be the origin of discrepancies between theory and experiment. Experimentally relevant parameters of the AIM -the intraorbital Hubbard interaction U and the interorbital Hund coupling J -were varied in order to explore the sensitivity of T K,α to these parameters. The representative example of a (2, 2)-cluster shows that T K,α responds weakly to variations of J [ Fig. 8(a) ]. Increasing J from 0.48 eV to 1.10 eV using U = 5 eV, the average of T K,α over all Co d orbitals varies slightly between 170 K and 211 K. The response of T K,α to changes in U is somewhat stronger as shown in Fig. 8(b) for (2, 2)-clusters (left) and (1, 0)-clusters (right). Using J = 0.64 eV and increasing U from 5 eV to 6.25 eV leads to a decrease of the aver- aged T K,α from 170 K to 95 K for (2, 2)-clusters and from 97 K to 54 K for (1, 0)-clusters, i. e., by roughly a factor 2 in both cases. A final test was carried out to explore the dependence of T K,α on variations of the Co adsorption height by ±10 pm. The response of the entire spectral function and, in particular, of the ASK resonance energy to vertical displacements of the Co atom in the chains, is quantitatively different for (m, n)-clusters. Figure 9 shows that while quantitative changes in T K,α of individual orbitals are not the same, the averaged values exhibit very similar behavior for the different clusters. Moreover, a simple relation to the experimental T K is not easy to recognize. pending on m and n. Most strikingly, for CuCoCu 2 and Cu 2 CoCu 2 the ASK resonance is entirely quenched hinting at the collapse of the Kondo effect. DFT and QMC calculations indicate the presence of ASK resonances in the spectral functions of all linear clusters. From calculations for the different geometries estimates of T K range between ≈ 100 K and ≈ 200 K. Under moderate variations of the interaction parameters or the height of the Co atom, the range of estimates extends further in both directions. The simulations thus capture T K qualitatively correctly for the majority of clusters. There are, however, clear deviations of the theoretical from the experimental results. First, the variations of T K between the different clusters is not correctly accounted for by the current level of theory. The most remarkable deviation is the presence of an ASK resonance for (1, 2), (2, 2)-clusters in the simulations, clearly contradicting the experimental findings.
In order to identify the origin of these deviations several experimentally relevant model parameters, i. e., the electron-electron coupling strength in the Coulomb tensor, the Co orbital occupation and the Co atom adsorp-tion height, were varied. The qualitative response of the orbitally averaged T K is similar for all clusters suggesting that the experimentally observed absence of the ASK resonance for (1, 2), (2, 2)-clusters is neither of simple electronic nor structral origin. Rather, the microscopic explanation of the quenched ASK resonance in (1, 2), (2, 2)-clusters may involve the increased size of the supercell for simulations, the transmission function to the tip, electron-phonon coupling, and an enlarged basis set for the description of low-energy, spin-orbit interaction and other relativistic effects.
From a methodological modeling standpoint, our results demonstrate that the complexity encoded in nanosystems like adsorbed atoms or clusters on surfaces combined with electronic correlation effects is substantial. It presents a partially solved problem as regards quantitative aspects such as the occurrence of Kondo physics in most systems studied here and a generally qualitatively correct match between experimental and theoretical T K . Yet, there are clear open issues -in particular the variation of T K between the different systems. In our view, the investigated linear Cu m CoCu n (0 ≤ m, n ≤ 5) clusters on Cu(111) can serve as a very informative benchmark case for the future development of theoretical approaches to correlated nanosystems.
Moreover, the approach presented here may become important for describing Kondo screening in superconductors, which is relevant to topological quantum computation where it is crucial to manipulate and control chains of magnetically active atoms on superconductors. Rather than directly pursuing a solution of localized magnetic moments in a bath with Bardeen-Cooper-Schrieffer pairing fields, an alternative, as demonstrated in this work, is to work in a first-principle fully many-body framework including most of the realistic correlation effects and understand the problem before going to a superconducting bath.
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